Abstract. Strombolian activity consists of a series of explosions due to the breaking of a large overpressurized bubble at the surface of the magma column. Acoustic pressure due to sound waves has been measured and analyzed at Stromboli for more than 50 explosions. Three parts can be distinguished in the acoustic pressure waveform, which are related to the behavior of the bubble before, during, and after its bursting. Before the sharp rise in acoustic pressure, the signal is dominated by waves with a frequency of 2 Hz, which develop on the nose of the bubble. They produce sound in air by imposing a rapid motion to the interface, and one could detect a bubble travelling in the uppermost 30 m of the magma column. When the bubble reaches the air-magma interface, its strong vibration, driven by a large overpressure inside the gas, generates the main event with a frequency around 9 Hz. After the bubble has burst, kinematic waves of frequency around 4.5 Hz are the main source of sound. They develop at the surface of the magma left on the conduit side. The three types of motion, although determined independently, give consistent results. Furthermore, combining the results obtained for the two types of kinematic waves, the magma viscosity is estimated to be of 300 q-65 Pa s, which is in good agreement with petrological constraints and corroborates the validity of our analysis. This suggests that acoustic measurements constitute a powerful tool in the understanding of eruption dynamics.
Introduction
Records of atmospheric pressure and seismicity have been used to constrain the mechanism of volcanic eruptions. Long-period seismic events recorded during eruptions, like at Mount St. Helens, were used to cal-data are needed to test laboratory and numerical models of eruption dynamics. Stromboll is an excellent candidate to be a laboratory volcano for basaltic eruptions because of its permanent activity. It consists of a series of explosions, caused by the breaking of a large overpressurised bubble at the surface of the magma column [Blackburn et al., 1976; Wilson, 1980] . All explosions present a similar pattern and have a regular intermittency, typical of a well-developed slug flow in which bubbles, almost as large as the volcanic conduit, rise before bursting at the surface [Jaupart and Vergniolle, (Figure 1) as due to the vibration of these large bubbles at the surface of the magma column just before they burst.
1988]. Vergniolle and Brandeis [1994, this issue] have interpreted sharp variations in acoustic pressure
These bubbles form at depth, probably in a shallow magma chamber [Jaupart and Vergniolle, 1988 ], a few hundred meters deep [Giberti et al., 1992] . Because they rise at a rather slow velocity, • 1.6 m s-1 if the volcanic conduit is • i m in radius [Wallis, 1969] , they are at shallow depths during the last few seconds before they reach the surface. Therefore their behavior should affect the nearby air-magma interface. Strong motions on this interface could radiate sound waves into air, which can be detected by monitoring acoustic pressure. Similarly, the study of acoustic pressure after the bubble has burst may provide additional information on the eruption dynamics. The aim of this study is thus to perform a quantitative analysis of the frequencies of the sound before and after the bubble has burst. [Chouet et al., 1974] . When two microphones are used, DAT is at point M, the "4-Hz" microphone is at point I and the "l-Hz" microphone at point L on the southwest ridge. [Shaw, 1972] or from its temperature only [Bottinga and Weill, 1972] Stromboll has a low seismicity that has been attributed to the gas-magma dynamics in the uppermost portion of the magma column [Ripepe et al., , 1996 . Sharp and monochromatic seismic events, • 2.5 Hz, in the western crater have been explained by a buried source . By contrast, the seismicity of the eastern vents is extremely shallow . For both craters, the volcano-seismic source is attributed to an explosion at the top of the magma column, generated by rising gas bubbles reaching the magma surface [Braun and Ripepe, 1993 For all setups, the propagation from the vents toward the microphones is in direct line without any solid obstacle along the path. Although strongly dependent on humidity, the absorption coefficient in air is sufficiently small (10 -3 dB m -1 [Pierce, 1981] ) to be negligible, 0.25 dB at 250 m, before the 100 dB radiated by a small explosion. Therefore the acoustic pressure, measured in air with perfect weather conditions (dry, sunny, and without wind), is only due to the source. These experiments have shown that the source of sound radiates like a monopole, as the recorded intensity is inversely proportional to distance between vents and microphones.
General
The waveforms recorded by the "l-Hz" and "4-Hz" microphones are identical (Figure 3) , allowing a precise determination of the delay in arrival time between them. Although the rough topography of the summit did not allow to vary much the emplacements of instruments, the distribution of the arrival time differences ( Figure  3c ) shows a scattering between 0.02 and 0.13 s, above the 0.02 s accuracy. This suggests that several vents are indeed active within the eastern crater, as observed by Chouet et al. [1974] .
As shown by Vergniolle and Brandeis [this issue], the amplification of the sound by the upper part of the volcanic conduit can be ignored. In this paper, 36 ex- Part i has a characteristic spectral signature, with a dominant peak around 2 Hz and a secondary one around 4.5 Hz (Figures 5b and 5c ). The overall shape of the power spectrum is strikingly similar to that obtained by Dietel et al. [1994] [Chouet et al., 1974] , than the average bubble size 1 m). When ejecta hit the ground, they emit sounds like those produced by raindrops, which is a complex source of sound at audible frequencies [Leighton, 1994] . Finally, the expansion of a slightly overpressurized gas jet produces sound of wavelength the size of the eddies present in the turbulent jet [Lighthill, 1978] . Since 
Possible Sources of Sound
The frequency analysis has shown that parts 1, 2, and 3 are characterized by a particular frequency, which is Vergniolle and Brandeis [1994] , the radian frequency is the square root of the ratio between generalized stiffness and inertia, both derived from potential and kinetic energies, respectively [Lighthill, 1978] . Assuming (4) where Pg is the pressure in the gas and 3' is the ratio of specific heats, equal to 1.1 for hot gas [Lighthill, 1978] . Figures 8 and 9 ). At the same time, the lateral film is thinner for a pointy bubble, which enhances drainage around the bubble, and thicker for a fiat bubble as shown for potential flow [Batchelor, 1967] . However, the variations in thickness of the lateral film produced by the change between pointy and fiat do not affect significantly the nearby airmagma interface. Here, we propose that changes in the shape of the air-magma interface around its fiat equilibrium value are capable of producing sound waves. The volume Vi of the radiating body at time t is the space delimitated on one side by the fiat interface at equilibrium and on the other side by its surface at time t (Figure 9 ): this volume • is zero for equilibrium, i.e., a fiat interface, positive when the interface is above its equilibrium value and negative when it is below. These changes in volume around the air-magma interface radiate sound waves like a monopole source but in half a sphere of radius r, distance between the vent and the microphone. The excess in acoustic pressure Pa½-Pair at time t is [Lighthill, 1978] The theoretical amplitude is slightly larger than the measured one, but our calculations rely on several assumptions. First, we have assumed for simplicity that the entire bubble overpressure triggers oscillations in the bubble nose. However, the bubble overpressure could also excite regular variations in the bubble length, a mode of very low frequency, • 0.5 Hz. Therefore this latter mode can remove some of the energy driving the oscillations of the bubble nose at m 2 Hz. Second, the viscosity of magma above the bubble might add another significant source of energy dissipation. Hence we suggest that the oscillation of the bubble nose is the main mechanism present during the rise of the bubble, part i of acoustic pressure, although it may be sometimes partially weakened by a different process such as the oscillations of the bubble length.
Surface Waves at the Air-Magma Interface
Finally, the last mechanism that can be envisionned during the last stage of the bubble ascent toward the top of the magma column is the deformation at the surface of the nearby air-magma interface. More generally, the motion of the air-magma interface can be described as the superposition of a global up-and-down motion and more complex deformations which can be interpreted as surface gravity waves, in a way analogous to sloshing in a cylindrical container. Two types of motion occur, one with pure radial dependence and one with angular dependence [Paterson, 1983] . When the depth of the container is larger than two thirds of its radius and assuming a potential flow, the frequency fg is
where k is the wavenumber and g is the acceleration of gravity [Paterson, 1983] Therefore in acoustic pressure, part i is a superposition of the three mechanisms described above and gen- given from petrological constraints (see above), the frequency of kinematic waves fk, on the lateral film thickness is 4.9 :b 3 Hz, which is close to the last strong unexplained mode, m 4.5 Hz, in part 3 of acoustic pressure. However, because of the strong dependence of fk, on the magma viscosity, which is poorly known, the exact frequency of these kinematic waves is difficult to calculate more accurately at this stage. The variations in thickness of the lateral film, which are probably axisymetric, can be transmitted at the bottom of the bubble. Hence these packets of magma travel downward like evenly spaced rings along the wall of the conduit. When they arrive at the bottom of the bubble, they generate oscillations at the surface of the new air-magma interface with the same frequency (Figure 8) . Then motions at the bottom can be described in terms of surface gravity waves for which a wide range of low frequencies can be produced. As for the oscillations at the bubble nose, the variations in the thickness • of the lateral film correspond to changes in volume of 
Application to Stromboli
Unlike for the m 2-Hz mode, the strong dependence between magma viscosity and the frequency of kinematic waves on the lateral film thickness (equation (19)) has prevented us to show that they correspond to the m 4.5-Hz mode recorded in part 3 of acoustic pressure, although we obtain a good order of magnitude for its amplitude. In the following, we reinforce this interpretation and show how to constrain independently the magma viscosity and the thickness of the lateral film.
Determination of Viscosity
The most energetic frequencies in parts i and 3 are 2.8 q-1.5 Hz and 5.7 q-2.4 Hz, respectively (Figures 5c   and 7c) . These modes show a wide scattering which may be interpreted in two different ways. The first one is to consider that all dominant frequencies are due to the same mechanism, oscillations of order 1 of the bubble nose and kinematic waves in part 3. The dispersion in frequencies would simply reflect a spread in contributing parameters, namely, bubble radius and viscosity. The distribution in time delays between the two microphones (Figure 3c ) has indeed suggested that several vents are active within the eastern crater and there is no reason to think that all vents have identical radii.
For a well-developed slug flow in which the flow within the lateral film around the bubble is laminar, the theoretical thickness 5 of the lateral film is shown to be 0.6 times the bubble radius [Wallis, 1969] . Taking estimates of the bubble radius given for each explosion by the bubble vibration mode during part 2 (Table 1) Figures 5b and 7b ).
All explosions, except four, show two significant peaks of spectral amplitude during part 1 (Table 1) . Guided by the example of explosion 95, we have selected the frequency that is closest to 2 Hz. For 26 explosions among 36, this frequency has the highest spectral amplitude (Table 1) . This reduces the scattering to 2.2 4-0.8 Hz. From equation (9) and again taking 5 = 0.6 Ro for each explosion [Wallis, 1969] , the corresponding viscosity is of 650 4-430 Pa s (Figure 11a ).
In part 3, all explosions show three peaks in which the mode at m 2 Hz is dominant for three explosions and the mode at m 9 Hz for 10 explosions (Figure 7c and Table 1 ). For the remainding 23 explosions, the frequency of ..• 4.5 Hz is the most energetic and for 12 others, it is among the three most energetic but not far from the maximum (Table 1) Among alternate models, Buckingham and Garc•s [1996] consider that at Stromboli the source is explosive at depth, m 100 m, and radiates sound waves in the magma which are ultimately transmitted to air. In our model, the source of vibration is shallow, a few tens of meters and does not produce sound waves in magma, although sound is generated in air by strong motions of the nearby air-magma interface.
Comparison With Seismic Records
Gas has been already thought to play an important role in generating volcanic tremors. For instance, Chouet [1985] suggests that an hemispherical cavity filled with gas can trigger oscillations in a buried magmatic pipe and produce tremors. At Hawaii, it was shown for long-period seismic events that tremors and gas-piston events have a similar source [Ferrazzini and Aki, 1992] . Recent coupled measurements of infrasonic waves with seismic waves between the explosions show that the two waves are strongly coupled [Ripepe et al., 1996]. Consequently, Ripepe et al., [1996] attribute the tremor at Stromboll to the regular bursting, approximately each second, of bubbles at the top of the magmatic column. However, during explosions, the bubble vibration mode at • 9 Hz during part 2 does not appear on seismic records, although it is the most energetic on acoustic records (Figures 5d and 6c) . The most likely reason is that there is no coupling between the source (i.e., the bubble cap oscillating in air) and the solid walls 
